IMPORTANCE Evidence has linked age-related hearing impairment (ARHI) with cognitive decline; however, very few studies (none in the United Kingdom) explore this link in large well-characterized groups of community-dwelling individuals.
tive study of 639 elderly people in the United States 7 found that the rate of cognitive decline and risk of mild cognitive impairment increased linearly with the severity of hearing loss; furthermore, the risk of developing all-cause dementia increased linearly with the severity of baseline hearing loss. The research suggested that mild, moderate, or severe hearing loss was associated with a 2-, 3-, or 5-fold increased risk of progression to dementia, respectively. Research suggests several mechanisms having potential causal links between hearing loss and dementia, including sensory degradation or deprivation, cognitive resource allocation or depletion, and social isolation or depression. 10 Various studies [11] [12] [13] [14] have also looked at the link between baseline hearing and cognition; however, the evidence is mixed. Gurgel et al 11 used US data for 4463 patients and found 16.3% of those who had hearing loss at baseline developed dementia compared with 12.1% without hearing loss. Another study 12 (again using US data) reported that baseline hearing acuity had no major effect on cognitive ability at a 5-year follow-up, suggesting that little evidence indicated that hearing impairment leads to cognitive decline in otherwise healthy elderly individuals. Similarly, studies have found no association between hearing loss and dementia. 13 A meta-analysis 14 suggested that hearing impairment is associated with cognitive problems but highlighted that conclusions may be premature owing to small sample sizes, failure to control for premorbid factors, and diversity within studies. Large well-characterized population studies have been suggested to overcome these weaknesses. Regardless, the National Institute for Health and Care Excellence 15 recognizes hearing loss and social isolation as potentially modifiable risk factors for dementia. With a rising elderly population and the concomitant increase in the number of people with ARHI, 8 a test of this hypothesis using a larger community-dwelling population is crucial. In this study, we aimed to test the hypothesized link between ARHI and cognitive decline in a well-characterized, healthy, community-dwelling elderly population living in England. Furthermore, we explored whether simply the hearing loss or the untreated hearing loss drives the observed negative association between hearing loss and cognitive decline, whereby treated hearing loss is captured by the use of hearing aids. We also explored the role of social isolation as a potential mechanism for this link.
Methods
The For the analysis in this report, we performed a cross-sectional analysis using data from wave 7 of ELSA because this is the only wave in which an objective test for hearing acuity was performed. Other relevant information that ELSA includes on the main variables of interest are measures of cognitive abilities and functioning, a range of background demographic characteristics of the individuals, and information on social participation and social support. ELSA also has sufficient information to create an index of social isolation. 18 In the Other Confounders section, we provide a description of the key variables of interest, further details of which are available from the ELSA guide. 17 
Objective Hearing Acuity Test
A hearing test was performed on all participants, unless they had an ear infection or a cochlear implant, using a simple handheld screener device (HearCheck; Siemens) validated for use in checking hearing acuity in low-cost settings. 19, 20 Participants were asked to remove their hearing aid, if wearing any. For the HearCheck test, fixed series of 3 pure high-frequency sounds (3 kHz) at decreasing intensities (75, 55, and 35 dB) and 3 midfrequency sounds (1 kHz) at decreasing intensities (55, 35, and 20 dB) were administered to each ear separately. The hearing performance on each ear can then be used to classify hearing acuity as good (heard all 6 tones), mild hearing difficulty (heard 3-5 tones), and moderate to severe hearing difficulty (heard 0-2 tones). For our analysis, we combined the best hearing test result from both ears and classified hearing acuity as good (good acuity in both ears), mild difficulty (mild difficulty in both or either ear), and moderate to severe difficulty (moderate to severe difficulty in both or either ear).
Key Points
Question Does untreated hearing loss and social isolation explain the link between age-related hearing loss and cognitive decline?
Findings In this cohort study of persons 50 years or older from the United Kingdom, hearing loss had a negative association with cognition; however, this association was observed only in the individuals with untreated hearing loss. Evidence suggests that social isolation acts as a mediating factor.
Meaning Cognitive decline associated with age-related hearing loss is probably preventable by early hearing rehabilitation and opportunistic screening of persons older than 50 years.
Cognitive Functions
Cognitive functions were measured based on simple tests of memory and executive function. For the memory assessment tests, the participants were read a list of 10 unrelated words that they had to recall immediately and with delay. The word list can be read out by the computer or the interviewer depending on the participant's choice; in either case, before the assessment starts, the interviewer confirms that the participant can hear properly and that the volume is adjusted accordingly. The score for the memory assessment ranges from 0 to 20 and is treated as a continuous variable, with higher score indicating better cognition. The executive function test involves the participants naming as many animals as they can in 60 seconds. The test score can range from 0 to 100, with higher scores indicating better function. The construct validity of both tests has been previously established in other cohort studies and in the ELSA population. 21 
Social Isolation
We created an index of social isolation 22 from 5 different questions in ELSA. A respondent was assigned 1 point each if they were unmarried and not cohabiting; had less than monthly contact with each child, other family members, and friends; and did not participate in any social organizations. Scores ranged from 0 to 5, with higher scores indicating greater social isolation. From this index, we created a binary variable indicating social isolation if the index had a score of at least 2.
Other Confounders
In our statistical analysis, we controlled for a range of confounders, including age in years and dummy variables for sex, nonwhite race, and whether the person lives alone, uses hearing aid, works, has O-level educational qualifications or higher, is a current smoker, and has diabetes or hypertension. Participants were asked about their living arrangement, and anyone saying they live alone was classified as such. Other alternatives included living as a couple, living with children alone or as a couple, and living with extended family. The hearing aid question asked the respondent if they use a hearing aid. The possible answers for the respondent include yes, all the time; yes, sometimes; or no. Everyone responding yes was classified as using a hearing aid. Anyone having educational attainment higher than O-levels is classified as having attained a higher educational level. Smoking status is self-reported as a current smoker. For health conditions, such as diabetes and hypertension, the participants are asked whether they have been diagnosed with a specific health condition; if the participant in earlier waves had specified that they had the diagnosis, then in wave 7 they were simply asked to confirm the diagnosis. 17 
Statistical Analysis
Data were analyzed from August 1, 2017, through May 25, 2018. We started our analysis by looking at the association between hearing loss and cognition, controlling for age and a range of confounders. We then split the sample of all individuals between those who did and did not use hearing aids to see whether the association between cognitive decline and hearing loss still held among these 2 separate groups. To understand the mechanism via which hearing loss might be associated with cognition, we consider social isolation as a mediating variable. The model we estimate is
where Y i is cognition, HL i is hearing loss, SI i is social isolation, and X i represents confounders (these are mentioned above and include age and use of hearing aids) for the individual respondent i; β and α are the parameters to be estimated; and ε i and η i are the error terms. β 1 gives us the direct association between hearing loss and cognition, and β 2 gives us the association between social isolation and cognition. α 1 In equation 2 gives us the direct association between hearing loss and social isolation. For social isolation to work as a mediating variable, β 1 and β 2 should be statistically significant (ie, both hearing loss and social isolation should have a significant association with cognition). Furthermore, hearing loss should have a significant association with social isolation (ie, α 1 should be statistically significant). The indirect association between hearing loss via social isolation, and cognition is then given by α 1 ×β 2, which makes the total association between hearing loss and cognition as β 1 +α 1 ×β 2.
Measures of cognition (memory assessment and executive function) are continuous variables, so equation 1 is estimated using multivariable regression models. Social isolation is a binary outcome, so equation 2 is estimated using a logit model. The models are estimated in Mplus (version 7.3). 23 
Results
Number of cohort members in wave 7 of ELSA is 9666. We excluded from our analysis all those with a diagnosis of dementia, Alzheimer disease, and Parkinson disease; we also exclude those with ear infections and cochlear implants. After applying the exclusion criteria, 7385 cohort were member eligible for analysis. [9.4] years). Sample selection is given in the eTable in the Supplement. Eight hundred thirty-four participants (11.3%) used a hearing aid. We split the sample by hearing aid use. People who used hearing aids were significantly different from those who did not (Table 1) . People using hearing aids had lower mean scores on cognitive functioning; for memory assessment, the difference was 1.68 points (95% CI, 1.42-1.93; Cohen effect size, 0.5); for executive function, the difference was 1.46 points (95% CI, 0.98-1.94; Cohen effect size, 0.2). A higher proportion of people using hearing aids had moderate to severe hearing loss; they tended to be older (difference, −8.65 years; 95% CI, −9.32 to −7.97 years), white (difference, −2.56%; 95% CI, −3.32 to −1.81), living alone (difference, −7.00%; 95% CI, −10.41% to −3.93%), and had hypertension (difference, −13.00%; 95% CI, −16.57% to −9.51%).
Among the proportion of those not using the hearing aid, more were women (difference, 13%; 95% CI; 8.97% to 16.12%) and employed (difference, 24.00%; 95% CI, 21.30% to 26.41%). Table 2 presents the association among cognitive functioning, hearing loss, and social isolation across all 3 samples (all, those who used hearing aids, and those who did not use hearing aids). Herein we have controlled for the full range of confounders. For all individuals in the sample, we found a negative association between cognitive functioning (for memory assessment and executive function) and hearing loss. For those with mild loss and holding everything else constant, the mean score on memory assessment is a half point (−0.52; 95% CI, −0.65 to −0.39) lower than those with no hearing loss; for those with moderate to severe loss, the score is 1 point less (−1.00; 95% CI, −1.24 to −0.76). The use of a hearing aid was associated with higher executive functioning (difference, 0.89; 95% CI, 0.45-1.34), but we could not demonstrate the same association for memory assessment (difference, 0.01; 95% CI, −0.21 to 0.23). Table 2 also presents the separate results for those who did and did not use hearing aids. We found that those who did not use hearing aids drove the negative association between hearing loss and cognitive functioning. In the sample of individuals who used hearing aids, no statistically significant association was found between hearing loss and cognitive function. For example, the difference in the score on memory assessment for those with mild hearing loss, relative to those with no hearing loss, is −0.06 (95% CI, −0.97 to 0.86). This finding seems to suggest that untreated hearing loss is linked to a decline in cognitive function and not just to hearing loss itself. b Estimated using ordinary least squares regression. In all specifications, the following covariates are used: cubic in age and dummy variables for sex, nonwhite race, and whether the person lives alone, works, has high educational qualifications, is a current smoker, and has diabetes and hypertension. Social isolation also has a negative association with cognition seen in the entire sample and the 2 subsamples as well. To check whether social isolation acts as a mediating variable, we first tested whether hearing loss has an association with social isolation (equation 2); results for this test are reported in Table 3 . We found significant evidence for this factor, whereby hearing loss is associated with higher odds of social isolation. Holding all other variables at a fixed value, the odds of being socially isolated for an individual with mild hearing loss, relative to someone with no hearing loss, are 1.15 (95% CI, 1.04-1.26); the same odds increase to 1.53 (95% CI, 1.28-1.83) for a person with moderate to severe loss. Further, this association was seen only in the subsample of respondents who did not use hearing aids; for the sample of participants using hearing aids, the odds ratio is not statistically different from 1.00.
In Table 4 , we report the direct and the indirect associations between hearing loss and cognition. The direct association between mild hearing loss and memory test was −0.52 (95% CI, −0.65 to −0.39; this association is the same as the estimated coefficient reported in Table 2 ); the association between social isolation and memory test was −0.61 (95% CI, −0.75 to −0.47). From Table 3 , we know that mild hearing loss also has a negative association on social isolation (the estimated coefficient underlying the odds ratio of 1.15 reported in Table 3 is 0.14); the indirect association between mild hearing loss and memory test is thus given by 0.14 × (−0.61) = −0.08. This formula gives us the total association between mild hearing loss and memory test as −0.52 + (−0.08) = −0.61 (95% CI, −0.75 to −0.47). In all cases, we found statistically significant indirect associations between hearing loss and cognition via social isolation, which then increases the total association between hearing loss and cognition. Again, this association seems to be driven by the sample of respondents who did not use hearing aids.
Diagnostic checks were performed on all estimated regression. For the linear specification (equation 1, with results reported in Table 2 ), the following tests were performed: checking for the normality of the residuals; homoscedasticity of the residuals; the multicollinearity test; and model specification tests for omitted variables. For the logistic regressions (equation 2, with results reported in Table 3 ), the multicollinearity test and model specification tests for omitted variables were performed. All regressions passed the regression diagnostics. Some of the regressions had a potential issue of heteroscedasticity in the residuals, so we therefore used the White corrected SEs throughout. 24 
Discussion
Although quite a few prospective studies on hearing loss and incident dementia have been performed, the study populations have been relatively small, and many confounding variables were not well controlled for. The Maastricht Aging Study 25 compared decline in hearing and vision with cognitive function and found a weak association on only 1 domain of a battery of tests. Another study failed to find any difference in cognitive function between hearing aid users and nonusers. 26 The largest number of analyses have been performed on various subsets of the Baltimore Longitudinal Study of Aging by Lin and colleagues. 7, 27, 28 The need for larger population-based studies of hearing and social isolation has been highlighted.
29,30
To our knowledge, ours is the first study looking at the association of cognition with ARHI in the elderly using large longitudinal survey data representative of the English population. This study not only corroborates the initial findings in the literature using a larger cohort but also tests the hypothesis on a different cohort.
Many explanations exist for concomitant decline in hearing and cognition in elderly populations. One possibility is that the association may be bidirectional. Common factors such as aging, hypertension, and educational level could affect hearing and cognitive function. However, research 27 has shown an independent contribution of hearing loss on cognitive function and suggests a few mechanistic pathways through which hearing loss may mediate the effects on cognitive function. 7 First, peripheral hearing loss means that greater cognitive resources are needed to process the signal; thus, increased cognitive load will then have a detrimental association with other cognitive processes.
31
In addition, in individuals with hearing impairment, a change in brain structure, such as accelerated rates of brain atrophy in regions important for language and memory, may occur. 7 Another mechanism is thought to be social isolation associated with withdrawal from social engagement owing to difficulties in communicating, which can then exacerbate the problem because reduced social-stimulatory input can lead to a reduction in general cognitive function. 7 The Lancet Commissions report 32 estimates that 35% of risk factors for incident dementia in a lifecourse model are modifiable. Of these, hearing loss contributes 9% toward the possible onset or acceleration of dementia.
Findings and Recommendations
Our findings corroborate the existing evidence that hearing loss is associated with cognitive impairment, with the association Reported from a logit model. In all specifications, the following covariates are used: quadratic in age and dummy variables for sex, nonwhite race, and whether the person lives alone, works, has high educational qualifications, is a current smoker, and has diabetes and hypertension.
of moderate to severe loss being higher than mild loss. However, the association between hearing loss and cognition is seen only in the individuals who do not use hearing aids; for the sample of respondents who used hearing aids, we found no evidence of association between hearing loss and cognition. Social isolation significantly reduces cognition; this association was seen in the sample of respondents who used hearing aids and those who did not. Evidence suggests that social isolation acts as a mediation factor. Hearing loss is associated with higher social isolation, which in turn has a negative association with cognition. We found this indirect association of hearing loss via social isolation only in those who did not use hearing aids. The main recommendation that follows from our analysis is that persons older than 50 years are screened opportunistically in primary care for hearing loss and mild cognitive impairment. A more prominent public health campaign is needed to increase awareness and knowledge among those who need hearing rehabilitation and in those provided hearing rehabilitation.
Limitations
One weakness of our study is the use of screening estimates of hearing levels and not pure-tone audiometry performed in sound-treated booths. However, the HearCheck screener is a validated tool for field testing of hearing levels. The other weakness arises from the fact that hearing and cognition levels were measured as point prevalence, taking ELSA wave 7 data as baseline.
The gradient of progression of hearing and cognition levels cannot be assessed from the single wave. We also must consider the potential self-selection in the use of hearing aids; those who have a higher need or desire for social interaction and/or have better cognition may succeed in getting hearing aids. Future longitudinal data collections of objective hearing test results, use of hearing aids, and cognition would allow us to address this weakness.
Conclusions
Although hearing loss and cognition are linked, untreated hearing loss drives the association. Social isolation is a mediating factor only for those who have untreated hearing loss. We found that cognitive decline associated with ARHI is probably preventable by early rehabilitation and increased opportunistic screening for the elderly. 
